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Semiconductor nano-lasers grown on silicon and emitting at the telecom bands are advantageous ultra-compact coherent
light sources for potential Si-based photonic integrated circuit applications. However, realizing room-temperature lasing
inside nano-cavities at telecom bands is challenging and has only been demonstrated up to the E band. Here, we report
on InP/InGaAs nano-ridge lasers with emission wavelengths ranging from the O, E, and S bands to the C band operating
at room temperature with ultra-low lasing thresholds. Using a cycled growth procedure, ridge InGaAs quantum wells
inside InP nano-ridges grown on patterned (001) Si substrates are designed as active gain materials. Room-temperature
lasing at the telecom bands is achieved by transferring the InP/InGaAs nano-ridges onto a SiO2∕Si substrate for optical
excitation. We also show that the operation wavelength of InP/InGaAs nano-lasers can be adjusted by altering the
excitation power density and the length of the nano-ridges formed in a single growth run. These results indicate the
excellent optical properties of the InP/InGaAs nano-ridges grown on (001) Si substrates and pave the way towards
telecom InP/InGaAs nano-laser arrays on CMOS standard Si or silicon-on-insulator substrates. © 2018 Optical
Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (140.3410) Laser resonators; (140.3948) Microcavity devices; (230.5590) Quantum-well, -wire and -dot devices.
https://doi.org/10.1364/OPTICA.5.000918
1. INTRODUCTION
Direct integration of III-V light emitters and optical amplifiers
onto Si substrates as inter/intra chip optical interconnects is
the key for high-functionality and low-cost photonic integrated
circuits (PICs) [1,2]. III-V nano-lasers with an extremely small
footprint and ultra-low energy dissipation could further benefit
Si-based PICs in terms of integration density and power con-
sumption [3–7]. To be compatible with passive Si optical com-
ponents such as waveguides, couplers, and splitters, on-chip light
sources must emit at silicon transparent wavelengths (larger than
1150 nm) to minimize propagation loss. Furthermore, inter-chip
coupling with minimum loss by optical fibers requires light emis-
sion at the telecom bands (from 1260 to 1625 nm) [8]. Lasing
operation at the O band (1260 to 1360 nm) has been demon-
strated from InP/InGaAs distributed feedback nano-ridges,
vertical free-standing InP/InGaAs nano-pillars, and InP/InAsP
nanowires transferred onto a photonic crystal cavity [9–11].
Recently, room-temperature lasing up to the E band (1360 to
1460 nm) has been realized using InGaAs/InGaP photonic crystal
nano-beam cavities [12]. Extending the lasing spectra to the
S band (from 1460 to 1530 nm) and the C band (from 1530 to
1565 nm) could greatly improve the bandwidth density and
circuit functionality of Si PICs. However, achieving laser oscilla-
tion inside nano-cavities at longer wavelengths is extremely chal-
lenging due to the escalating loss mechanisms associated with
increasing wavelength. The weak confinement of photonic modes
at long wavelengths inside sub-micrometer laser cavities induces a
large propagation loss, and the optical feedback from the end
facets of the Fabry–Perot cavities decreases as the wavelength
increases [13]. Additionally, non-radiative free-carrier absorption
and Auger recombination at high carrier injection levels exacer-
bate this situation [2]. Even though lasing operation at the C band
has been observed in bulk GaSb nanowires, the nano-lasers were
tested at cryogenic temperatures and featured a relatively large
cross-sectional dimension (700 to 1500 nm) [14].
To fully exploit the capabilities offered by CMOS foundries
for Si photonics, light-emitting III-V nano-structures should,
ideally, be grown on industrial-standard (001) Si substrates with-
out any intentional offcut. The aspect ratio trapping (ART) tech-
nique has produced various high-quality III-V nano-ridge arrays,
such as GaAs, InP, InGaAs, GaSb, and InAs, inside Si trenches
confined by SiO2 spacers on exact (001) Si substrates [15–22]. To
attain laser operation using III-V nano-ridges grown by ART, the
active gain material should be carefully designed to minimize the
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influence of crystalline defects, and the optical modes should be
well confined inside the III-V gain material. Three methods have
been developed to minimize light leakage into the underlying Si
substrates; they include selective etching away of the underlying
silicon to obtain suspended III-V nano-ridges in the air [23],
growth of large III-V ridge structures out of narrow trenches
[24], and direct growth of the III-V nano-ridges on silicon-on-
insulator (SOI) wafers [25]. While strong on-chip mode confine-
ment inside the III-V nano-ridges has been demonstrated, the
active gain material has yet been carefully designed to sustain
room-temperature lasing at the telecom bands [26–29].
In this work, we demonstrate room-temperature sub-
wavelength InP/InGaAs nano-ridge lasers emitting at telecom
bands up to 1533 nm. Ridge InGaAs quantum wells (QWs) sep-
arated by InP spacers are designed as the active gain material, and
light emission is carefully tuned to cover the whole range of tele-
com bands. Using 450 nm wide InP/InGaAs nano-ridges grown
on (001) Si substrates, we achieve room-temperature lasing at the
O, E, S, and C bands after transferring the nano-ridges onto a
SiO2∕Si substrate. We also show that the lasing modes exhibit
strong dependence on the excitation levels and the length of
the nano-ridges. The lasing modes at longer wavelengths usually
dominate under low excitation levels, while modes at shorter
wavelengths would prevail under high excitation levels. We dem-
onstrated for the first time to our knowledge that the lasing wave-
length can be adjusted over a wide band, from the 1300 nm band
up to the 1500 nm band, by changing the excitation levels and the
length of the nano-ridges. Compared with controlling the lasing
wavelength via tuning the indium fraction of the InGaAs
crystallized in several growth runs [4,12], tailoring the lasing
wavelengths in multiple bands by altering the length of the
nano-ridges with the same epi-structure formed in a single growth
run betokens practical applications for Si photonics.
2. GROWTH AND FABRICATION
The in-plane InP/InGaAs nano-ridge array was selectively grown
on patterned (001) Si substrates using a metal organic vapor
deposition system (AIXTRON 200/4). The detailed growth pro-
cedure can be found in Refs. [27] and [28]. We did not inten-
tionally introduce any dopant during the hetero-epitaxy process,
and the background doping should be lightly n-type. Figure 1(a)
shows the 70° tilted view scanning electron microscope (SEM)
image of an as-grown sample, manifesting a highly ordered
InP/InGaAs nano-ridge array inside nano-scale trenches. The
cross-sectional transmission electron microscopy (TEM) photo
of one typical InP/InGaAs nano-ridge imaged using a
JEOL2001F microscope is displayed in Fig. 1(b). The InP/
InGaAs nano-ridge has a width of 450 nm and a height of
1.0 μm (from the top tip to the bottom tip). Anti-phase boun-
daries are eliminated by initiating the material deposition at ex-
posed {111} Si surfaces [30]. The 8% lattice mismatch between
InP and Si is accommodated through an ultra-thin (∼10 nm)
GaAs stress-reducing buffer and the formation of a high density
of defects at the III-V/Si interface [see the dark area in Fig. 1(b)].
The InP buffer layer, where five InGaAs ridge QWs are
embedded, has been optimized with much reduced interfacial
defects. The ridge structure with two convex {111} facets are
developed to minimize the total surface energy during the
hetero-epitaxy process and is commonly observed in other III-V
nano-structures grown by ART [31,32]. Figure 1(c) presents a
zoomed-in TEM image of the InGaAs ridge QWs at one side
of the InP nano-ridge. The InGaAs ridge QWs exhibit an average
thickness of 8 nm. An indium composition of 53% is extracted
from the X-ray diffraction measurement of a sample with a thick
InGaAs calibration layer. The InP spacers, showing an average
thickness of 22 nm, can effectively suppress electron tunneling
from adjacent QWs. The high-resolution TEM image of one
InGaAs QW in Fig. 1(d) reveals atomic sharp InP/InGaAs
interfaces and thus, minimized non-radiative recombination via
interface states.
Direct epitaxy of a InGaAs layer on a multi-faceted InP buffer
often leads to carrier localization at the crossover region of the
{111} facets due to growth preference at the InP tip and compo-
sition inhomogeneity, which drains the electrons of the ridge
QWs and jeopardizes the material gain [33]. We developed a
unique growth procedure for each InGaAs ridge QW to obliterate
the carrier localization and achieve a uniform carrier distribution
inside the active region. The deposition of each InGaAs ridge QW
consists of eight identical cycles at 600°C. Each cycle includes a
6 s InGaAs growth with triethylgallium (TEGa), tertiarybuty-
larsine (TBA), and trimethylindium (TMIn) introduced into
the reactor and a 30 s growth interruption in a TBA ambient. The
growth interruption allows the adatoms to redistribute along the
different facets of the InP ridge buffer. The efficacy of the cycled
(a) (b) (c) (d)
Fig. 1. (a) 70° tilted SEM image of the highly ordered, in-plane InP/InGaAs nano-ridge structures on (001) Si substrates. (b) Cross-sectional TEM
image of the InP/InGaAs nano-ridge perpendicular to the wire direction, showing five {111} ridge InGaAs QWs embedded inside a InP nano-ridge; the
dark area at the InP/Si interface contains a high density of stacking faults generated for strain relaxation. (c) Zoomed-in TEM image of the five InGaAs
QWs separated by InP spacers at one side of the InP nano-ridge. (d) High-resolution TEM image of one InGaAs ridge QW with atomic sharp
InP/InGaAs interfaces.
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growth process is attested by notable changes of the photolumi-
nescence (PL) spectra from broad double-peaked spectra without
growth interruption to narrow single-peaked spectra with a 30 s
cycled growth interruption. Figure 2(a) displays the PL spectrum
of the InGaAs ridge QWs under different excitation levels
measured at room temperature. At a low pumping power density
of 0.21 kW∕cm2, the peak of the PL spectra sits around
1545 nm, corresponding to light emission from the band edges.
As the pumping density increases, the peak gradually shifts
to shorter wavelengths, and the full width half-maximum
(FWHM) expands from 146 nm at 0.21 kW∕cm2 to 289 nm
at 32.3 kW∕cm2, indicating apparent band-filling effects [see
Fig. 2(b)]. The relatively large FWHM of the PL spectra is par-
tially a result of the thickness variation of the ridge QWs [see
Fig. 1(c)]. The integrated PL intensity exhibits a linear relation-
ship with the pumping level as shown by the inset in Fig. 2(b).
We also performed time-resolved PL measurements to study the
minority carrier lifetime of the InGaAs ridge QWs. Figure 2(c)
depicts the PL decay of the InGaAs ridge QWs, and a carrier
lifetime τ  420 ps is extracted from the mono-exponential fits.
The carrier lifetime of a semiconductor typically depends on three
different recombination mechanisms: non-radiative recombina-
tion via defects, band-to-band radiative recombination, and
non-radiative Auger recombination. At room temperature and
under a low excitation level, the measured τ should refer to
the defect-related non-radiative carrier lifetime and thus is directly
associated with the crystalline quality of the material. The carrier
lifetime of the InGaAs ridge QWs is on par with that of lightly
carbon-doped (1016 cm−3) strained InGaAs grown on InP sub-
strates [34], InGaAs/InGaP nano-pillars grown on Si [35], and
AlGaAs-passivated GaAs nanowires [5].
To investigate the suitability of the InP/InGaAs nano-ridges as
coherent light sources at the telecom bands, we detached the
nano-ridges from the as-grown substrates and transferred them
onto a SiO2∕Si substrate with 1.0 μm thick oxide for optical char-
acterization. Figure 3(a) schematically summarizes the transfer
process, which involves the removal of the oxide spacers and
the undercut of the underlying Si followed by sonication in an
ultrasonic bath. During the sonication, the nano-ridges peeled
off from the initial Si substrate and fragmented into different
lengths. The fractured surfaces of the nano-ridge serve as the
end-facets of the nano-cavity. Figure 3(b) shows the top-view
SEM image of the transferred InP/InGaAs nano-ridges with ran-
dom orientations. The length of the nano-cavities fragmented
during sonication varies from 10 to 80 μm, and the markers
on the oxide allow us to precisely locate each measured nano-
ridge. A 70° tilted view SEM image in Fig. 3(c) illustrates the
Fabry–Perot (FP) cavity with two end facets, and the inset dis-
plays one end facet with a smooth fracture surface and a (110)
orientation.
3. RESULTS AND DISCUSSION
The transferred InP/InGaAs nano-ridges were optically excited by
a 750 nm Ti/Sapphire laser, delivering 100 fs pulses at a 76 MHz
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Fig. 2. (a) Room-temperature PL spectra of the five InGaAs QWs under different excitation levels at the telecom bands, revealing apparent band-filling
effects and broadening of the PL spectra. (b) Widening of the FWHM of the PL spectra as pumping power increases; the inset shows the linear evolution
of integrated PL intensity as a function of pumping power. (c) Time-resolved PL data of the as-grown InP/InGaAs nano-ridges, revealing a carrier lifetime
of 420 ps.
(a)
(b) (c)
Fig. 3. (a) Schematics showing the transfer of the as-grown InP/
InGaAs nano-ridges onto a SiO2∕Si substrate. (b) Top-view SEM image
of the transferred InP/InGaAs nano-ridges with different orientations and
lengths. The length of the nano-ridges ranges from 10 to 80 μm. (c) 70°
tilted SEM image of one transferred InP/InGaAs nano-ridge; the inset
shows a smooth and vertical end facet.
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repetition rate. With a cylindrical lens placed in the incident op-
tical path, the excitation laser was focused into a line-shaped spot
with a size of 68 μm × 2 μm to cover the entire laser cavity. By
simply rotating the cylindrical lens, we could measure nano-ridges
with different orientations. Figure 4 exemplifies the room-
temperature lasing behavior of one InP/InGaAs nano-ridge with
a length of 38 μm. The emission spectra measured near the
threshold are plotted in a log scale in Fig. 4(a). Under low exci-
tation levels, the emission shows broad spontaneous spectra with
discernible longitudinal FP modes. Using the relation given by
Δλ  λ2∕2Lng , where L is the length of the laser cavity and
Δλ refers to the spacing of adjacent longitudinal modes, a group
reflective index of ng  4.8 is extracted. As the excitation level
increases to 18.0 μJ∕cm2, the mode at 1492 nm in the S band
reaches the threshold, intensifies, and stands out from the
clamped spontaneous emission, indicating the onset of lasing.
As shown by the emission spectra above the threshold in
Fig. 4(b), another lasing peak at 1427 nm in the E band appears
under a pumping pulse fluence of 20.4 μJ∕cm2, equals the mode
at 1492 nm under a pumping level of 21.6 μJ∕cm2, and finally
dominates as the pumping level continues to increase. Figure 4(c)
plots the peak emission intensity of the modes at 1492 nm and
1427 nm as a function of the pumping pulse fluence. We detect a
clear knee behavior for both modes from the light–light (L–L)
curves, and thresholds of 16.0 μJ∕cm2 and 19.0 μJ∕cm2 are de-
duced for the modes at 1492 nm and 1427 nm, respectively.
Because of the longer length of the FP cavity and resultant higher
light amplification per round-trip, the lasing thresholds of the
InP/InGaAs nano-ridge laser are much lower than those of other
III-V nano-lasers in the near-infrared range [4,5,10,12]. The las-
ing behavior is further attested by the clear S-shape of the L–L
curves plotted in a log scale [see the inset of Fig. 4(c)] and the
abrupt narrowing of the linewidth around the lasing threshold
[see Fig. 4(d)]. Note that the slope efficiency of the peak at
1427 nm is higher than that of the peak at 1492 nm. This behav-
ior can be explained by the higher material gain at high excitation
levels and lower round-trip loss of shorter wavelengths. The
intensity of the first-lasing mode starts to decrease around
22.8 μJ∕cm2, possibly due to the competition for material gain.
Additionally, the modal gain of shorter wavelengths is larger than
that of longer wavelengths due to the better optical confinement,
and thus oscillation at shorter wavelengths would dominate under
high pumping intensities. The phenomenon of lasing from multi-
longitudinal modes, featuring initial lasing at longer wavelengths
and then moving to shorter wavelengths, is observed in most of
the measured InP/InGaAs nano-ridge lasers. We simulated the
distribution of electrical field intensity inside the InP/InGaAs
waveguide, and the lasing transverse mode is most likely to be
TE01 due to the largest overlap with the active gain material.
In addition to the dependence on the excitation level, the las-
ing wavelength also manifests a strong correlation with the length
of the nano-ridges. Figure 5(a) presents the room-temperature
lasing spectra just above the threshold of eight InP/InGaAs
nano-ridges with increasing lengths from 13 to 51 μm. The lasing
wavelength spreads from 1356 to 1533 nm as the length of the
nano-ridge increases. We also observe a quasi-linear dependency
between the operation wavelength and the length of the nano-
ridges, as shown in Fig. 5(b). Notably, with the InGaAs ridge
QWs in a single growth run as the gain material, the operation
wavelength of the InP/InGaAs nano-ridge lasers could be varied
continuously from the O band to the C band by modifying the
length of the FP cavity. Note that the excitation level also plays a
vital role in the selection of lasing wavelengths. Lasing at the blue
side of the spectrum necessitates a higher excitation power to trig-
ger the band-filling effects. The adjustable wavelength suggests
potential applications of nano-ridge lasers with defined cavity
lengths in wavelength-division multiplexing (WDM) systems
with single-mode lasing selection schemes. We attribute the slight
fluctuation of the data points from the quasi-linear trend in
Fig. 5(b) to the difference in the quality of the end facets.
More precise control of the operation wavelength can be achieved
with better end-facet quality and uniformity, obtained by dry
etching or focused ion beam milling. The widely adjustable range
of the lasing wavelengths stems from the broad spontaneous
emission spectra of the InGaAs/InP QWs. With a well barrier
over 0.54 eV, InGaAs/InP QWs can provide material gain for
wavelengths in all the telecom bands. In addition, the thickness
inhomogeneity of the ridge QWs further broadens the gain
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Fig. 4. (a) Room-temperature PL spectra of one InP/InGaAs nano-ridge with a length of 38 μm under different excitation levels plotted in a log scale,
showing broad spontaneous emission spectra with equally spaced FP modes below the threshold and the clamp of spontaneous emission and sudden
increase of the mode at 1492 nm when pumping level increases above the threshold. (b) PL spectra of the InP/InGaAs nano-laser above the threshold. The
mode at 1427 nm gradually increases and finally dominates over the mode at 1492 nm. (c) L–L curves of the two modes at 1492 nm and 1427 nm plotted
on a linear scale. The threshold of the modes at 1492 nm and 1427 nm are extracted as 16.0 μJ∕cm2 and 19.0 μJ∕cm2, respectively. The inset shows the
L–L curves on a logarithmic scale, revealing a clear S shape for both the two modes. (d) Evolution of the linewidth of the modes as a function of the
pumping pulse fluence. The linewidth narrowing around the threshold further confirms the lasing behavior.
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spectrum. The modulation of the operation wavelength with the
length of the nano-ridge is closely associated with the dissimilarity
of the round-trip gain and loss between different wavelengths.
Figure 6(a), presenting the mode profiles at 1400, 1500, and
1600 nm, reveals an increasing light leakage into the surroundings
as the mode wavelength increases. We also found that the effective
reflective index and the confinement factors of the lasing trans-
verse mode TE01 inside the InP waveguide and the InGaAs QWs
decrease monotonically with the mode wavelength, suggesting
an increasing propagation loss and a reducing modal gain [see
Figs. 6(b) and 6(c)]. Besides, the optical feedback from the
end facets also diminishes with increasing wavelength. With a
cavity length larger than 10 μm, the peaks of the FP modes over-
lapping with the gain spectrum would blue-shift as the excitation
level increases. The optical mode that experiences the highest gain
and lowest loss will lase. For InP/InGaAs nano-lasers with a short
cavity length and thus limited gain material, only shorter wave-
lengths can reach the threshold because of the larger modal gain
under high injection levels and lower round-trip loss, while for
InP/InGaAs nano-lasers with a long cavity length and a substan-
tial volume of gain material, even the long wavelengths could
experience enough optical amplification to compensate for the
large round-trip loss.
4. CONCLUSION
In conclusion, we demonstrated room-temperature InP/InGaAs
nano-ridge lasers with adjustable wavelengths ranging from
the 1300 nm band to the 1500 nm band. By initiating a
cycled growth procedure, InGaAs ridge QWs with excellent
optical properties are designed as an active gain material.
Room-temperature lasing operation at the telecom bands from
the InP/InGaAs nano-ridges initially grown on CMOS standard
(001) Si substrates indicates the high crystalline quality of the
InP/InGaAs nano-ridge structures and suggests the potential of
integrating nano-scale light sources onto the industrial-standard
Si photonics chips. Tuning the lasing wavelengths in the telecom
bands by varying the pumping level and the length of the FP
cavities signifies potential applications for compact WDM
systems.
Practical applications in Si photonics requires on-chip electri-
cally injected single-mode nano-lasers emitting at the telecom
bands. With the current in-plane configuration, doping of the
III-V nano-ridges inside Si trenches is achievable. In fact,
highly doped InAs, InGaAs, GaAs, and InP nano-ridge structures
have already been reported in InGaAs gate-all-around FinFets
[36] and GaAs/InGaAs fin-array tunnel diodes [37]. Among
the various methods of on-chip mode confinement, hetero-
epitaxy on SOI (001) substrates seems to be the most promising
solution. Not only does it ensure a strong mode confinement
inside the as-grown III-V nano-ridges and enable coupling into
silicon waveguides, it also facilitates the injection of charged car-
riers into the active region since the Si device layer could be
readily doped. Single-mode lasing could be realized by adopting
well-understood mode-selection designs such as distributed Bragg
reflectors, distributed feedback cavities, and photonic crystal
cavities. With all the basic components ready, electrically driven
on-chip telecom nano-lasers will be demonstrated in the near
future.
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